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The MiniBooNE low-energy excess is a longstanding problem which has received further confir-
mation recently with a reanalysis using newly collected data, with the anomaly now at the 4.8σ
level. In this letter we propose a novel explanation which advocates a low-energy sector containing
Z′ bosons with GeV-scale masses and sterile neutrinos with masses around 100–500 MeV. We show
that this scenario can provide an excellent spectral agreement with the MiniBooNE low-energy excess
in the form of Z′-mediated neutral current production of heavy sterile states, a fraction of whose
subsequent decay to e+e− pairs are misidentified as single electron-like electromagnetic showers.
Our model inscribes itself in the broad class of models in which sterile neutrinos are charged un-
der novel interactions, allowing new couplings to hidden-sector physics. Alongside the electron-like
MiniBooNE signature this model also predicts a novel, low-background, signal in LArTPC detec-
tors such as MicroBooNE consisting of two distinguishable electron-like electromagnetic showers
originating from a single vertex with no associated hadronic activity.
PACS numbers: 14.60.Pq,14.60.St
INTRODUCTION
The MiniBooNE low-energy excess (LEE) [1] is a long-
standing anomaly which has received renewed attention
thanks to a recent analysis [2], which doubled the amount
of data in neutrino mode sample, confirming the exis-
tence of the LEE at the 4.8σ level. The excess of approx-
imately 460 low-energy electron-like (e-like) events was
observed in both neutrino and, to a lesser extent, anti-
neutrino channels with 12.84 × 1020 protons on target
with the Booster beam in neutrino mode, and 11.27×1020
protons on target in antineutrino mode [2]. The events
are almost entirely contained within the lowest energy
bins of the experiment, E . 0.6 GeV visible energy, and
their angular distribution is relatively flat, with a slight
preference to being forward [2].
These events have yet to receive a satisfactory explana-
tion, be it through conventional or unconventional physi-
cal mechanisms. One of the most popular interpretations
of this signal is via the oscillation νµ → νe. This would
point to an additional oscillatory frequency, driven by a
mass-squared splitting ∆m2 ≈ O(1) eV2, requiring the
existence of a sterile neutrino. This solution furthered
the intrigue around a collection of anomalous short-
baseline oscillation results pointing to possibly related
effects [3, 4]. The LEE spectrum agrees with that of an
oscillatory solution [2] and is consistent with the LSND
anomaly; however, such an explanation remains contro-
versial for two main reasons. Firstly, global fits of the
oscillation data results show significant tension between
experiments. Appearance experiments such as LSND
and MiniBooNE require relatively large mixing angles
between the nearly-sterile neutrino and both the elec-
tron and muon neutrinos. The electron reactor neutrino
experiments NEOS [5] and DANSS [6] favour a sterile
neutrino oscillation explanation with a mixing with the
electron neutrino around Ue4 ∼ 0.1, while νµ disappear-
ance experiments, driven mainly by MINOS+ and Ice-
Cube, strongly constrain the Uµ4 mixing element, naively
excluding this explanation of the LEE. See [7],[8] and
[9] for recent overviews of the global situation. The up-
coming Fermilab Short Baseline Neutrino program aims
to definitively confirm of refute this hypothesis [10, 11].
Secondly, a nearly-sterile neutrino with the masses and
mixing required to explain the LEE would pose prob-
lems for our understanding of the early Universe. A light
sterile would thermalize in the Early Universe provid-
ing an extra degree of freedom at the time of Big Bang
Nucleosynthesis and the Cosmic Microwave Background
as well as producing an overly large contribution to hot
dark matter. Some solutions have been proposed for this
problem, by considering a non-minimal model where the
sterile neutrinos also feel a new interaction. In these
so called “secret-interaction” scenarios, sterile neutrino
production can be dynamically suppressed in the early
Universe through finite-temperature effects [12, 13]. Al-
though such models reduce cosmological tension, they
do not completely remove it and the parameter space is
being increasingly constrained by new cosmological data
[14, 15].
Non-oscillatory explanations of the excess have also
been suggested [16–18] which typically postulate the pro-
duction of heavy sterile neutrinos in scattering events in-
side the detector [16, 17]. As a mineral oil Cˇerenkov
detector, MiniBooNE lacked any capability for separa-
tion of electrons and photons, both producing near iden-
tical Cˇerenkov cones inside the detector [19]. As such,
the observed excess events are only definitively known
to be electromagnetic (EM) showers, whose origins are
unknown. These non-oscillatory solutions postulate that
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2the signal is in fact made of single photons, which arise
from the radiative decay of the heavy nearly-sterile neu-
trinos with masses of O(10–100) MeV. In the first version
of this explanation [16, 17], even for a large decay rate,
the total number of signal events is severely bounded by
the rate of heavy sterile neutrino production, which is
mediated by Standard Model (SM) weak neutral-current
(NC) and suppressed by sterile mixing angles. To get a
sufficient number of events, very large mixing angles be-
tween the active and nearly-sterile neutrinos are required,
10−2 . |Uµ4|2 . 10−3, which sit very uneasily with
the bounds from prior experiments, and an extremely
large transition magnetic moment. Subsequently, sterile
masses below 100 MeV were found to be in tension with
radiative muon capture rates measured at TRIUMF [20]
and of rare Kaon decays by the ISTRA+ collaboration
[21]. A variant was proposed which evaded some of these
constraints by using the neutrino-photon vertex to drive
both the initial production and subsequent decay of the
heavy states [18]. However, the photon-mediated scatter-
ing, which prefers small Q2-exchange with the nucleus,
results in events strongly clustered around the beamline
[22], in contrast to the flatter angular distribution of the
LEE. Recent work on neutrino dipole portals have placed
further constraints on the parameter space of magnetic
moment explanations [23].
In this letter, we discuss a novel explanation of the
excess, based on the idea of heavy nearly-sterile neu-
trino production in situ, that combines the kinematic
behaviour of production by a heavy mediator with an
enhanced decay rate. The core idea is that neutrinos
have NC interactions mediated by a new GeV-scale boson
such that heavy sterile neutrinos with masses 100 MeV .
m4 . 500 MeV are produced by neutrino beam interac-
tions with the nuclei in the detector. These subsequently
decay into e+e− pairs giving rise to the signal through
mis-reconstruction. The introduction of a new boson
significantly enhances the production cross section if its
mass is below 10 GeV, allowing for smaller values of Uµ4,
while avoiding the problem encountered by explanations
based on photon exchange of failing to well reproduce
the angular spectrum [22]. Another crucial aspect of our
work is the reinterpretation of the excess as an e+e− pair.
As we discuss, this can occur if either the electrons are
closely overlapping or if one of the two fermions is too
soft to be reconstructed as a shower. With this novel in-
terpretation of the excess, we open up the possibility for
a NC process driving both the production and decay of
heavy sterile neutrinos inside the detector.
For simplicity, we assume that the heavy sterile neu-
trino production and its enhanced decay rate come from
just one novel interaction, which for definiteness we take
to be a U(1)′ kinetically mixed with hypercharge. This
assumption is not essential to our proposal, indeed these
two steps may easily be mediated by different bosons, but
we leave the discussion of such variants to future work.
THE PHENOMENOLOGICAL MODEL
We assume that the SM gauge group is extended by
a new factor U(1)′ [24]. In the most general lagrangian,
the gauge boson of this symmetry kinetically mixes with
hypercharge through a mixing parameter χ. We assume
that the new gauge symmetry is broken at low energies,
and include a mass for the X boson without detailing
its provenance or specifying its scale. The low-scale la-
grangian is then given by
L = LνSM − 1
4
XµνX
µν − sinχ
2
XµνB
µν +
µ2
2
XµX
µ,
where LνSM denotes an extension of the SM incorpo-
rating neutrino masses which we will return to later,
Fµν ≡ ∂µFν −∂µFν with Bµ and Xµ denoting the U(1)Y
and U(1)′ gauge fields, respectively. As usual, the ki-
netic mixing term between Bµ and Xµ can be removed
by a field redefinition [25, 26], and we further identify the
states of definite mass (denoted A, Z and Z ′) by perform-
ing a change of basis between these fields and the third
generator of the SU(2)L group. This transformation can
be expressed at first order in χ (and zeroth order in µ/v,
with v denoting the Higgs VEV) byAZ
Z ′
 =
 cW sW cWχ−sW cW 0
s2Wχ −sWcWχ 1
 BW 3
X
 ,
where sW ≡ sin θW and cW ≡ cos θW with tan θW = g′/g.
After electroweak symmetry breaking, the mass of the
photon (denoted by A) vanishes exactly, while to first
order in χ, the Z has the SM expression for its mass and
the Z ′ has a mass given by µ.
We assume that none of the SM field content is charged
under the novel U(1)′. Working to first order in χ and
µ/v, the coupling between a SM fermion f and the Z ′
is purely vectorial and proportional to both χ and the
particle electric charge qf ,
L ⊃ −eqfcWχfγµfZ ′µ.
Although this naively precludes neutrino-Z ′ interactions,
we introduce SM-gauge singlets into LνSM which are
charged under the new U(1)′, and assume that they mix
with the SM neutrinos. This scenario requires that the
neutrino mass terms violate the novel symmetry, which
is a rather generic feature if the theory contains new
scalars which spontaneously break the U(1)′. In this let-
ter, rather than present a complete model of the neutrino
sector, we work with a simplified scheme which captures
the essential phenomenology whilst retaining a signifi-
cant degree of model-independence. For simplicity, we
work with a single right-handed neutrino, but the ex-
tension to include multiple states is unproblematic and
usually necessary in a fully consistent theory. In fact,
3a single Majorana neutrino with the mass and mixing
angles required to explain the MiniBooNE signal would
typically lead to unacceptably large contributions to the
light neutrino mass matrix. This issue can be solved in
linear or extended see-saw models in which two sterile
neutrinos are introduced: their contributions to neutrino
masses nearly cancel out allowing for large mixing angles
and small neutrino masses at the same time. We denote
the neutrino flavour states as να α = {e, µ, τ, s} and the
mass eigenstates as νi, i = 1, 2, 3, 4. These are related
via a 4 × 4 Pontecorvo-Maki-Nakagawa-Sakata(PMNS)-
like matrix U as να = Uαiνi. We follow the convention
that the mass index j refers to the light states. The
nearly-sterile massive neutrino ν4 is assumed to have a
small mixing with the lighter states, and will be referred
to as a “sterile neutrino”.
Neutrino mixing mediates the U(1)′ interaction to the
light neutrinos, and we find the following neutrino-Z ′ ver-
tices to leading-order in χ and the small elements of the
PMNS-like matrix,
L ⊃ U∗α4g′ναγµPLν4Z ′µ + U∗α4Uβ4g′ναγµPLνβZ ′µ
+ g′ν4γµPLν4Z ′µ,
where g′ is the coupling constant of the new force. Pro-
vided that |Uα4|2  1, we can expect sterile-active-Z ′ in-
teractions to occur at a higher rate than active-active-Z ′
interactions ensuring that SM processes are largely un-
affected. The novel interactions have a number of conse-
quences for both sterile neutrino and Z ′ phenomenology.
Firstly, we expect heavy neutrino production inside neu-
trino detectors as heavy neutrinos are produced via Z ′-
mediated upscattering. Secondly, these heavy states will
have shorter lifetimes from enhanced NC decays. This
could occur via either an on-shell or off-shell Z ′, e.g.
ν4 → ναZ ′ or ν4 → ναe+e−, depending on the hier-
archy of the Z ′ and heavy neutrino masses. Here, for
definiteness, we focus on the case m4 < mZ′ . Although
dependent on the precise values of kinetic and neutrino
mixing parameters (and the possible presence of other
particles in the model), order one branching fractions
to ναe
+e− are attainable, with the other likely decays
being to invisible multi-neutrino final states1. Finally,
for mZ′ > 2m4 the Z
′ will have a dominant decay into
two sterile neutrinos. Although the latter are unstable,
this unconventional final state will impact the constraints
from previous experiments.
The analysis in this paper will depend on both the
production of a heavy neutrino via Z ′ mediated quasi-
elastic scattering and the subsequent decay of the heavy
1 Although kinematically possible for heavy neutrinos with masses
above 135 MeV, decays into pseudoscalar mesons are not en-
hanced by the Z′ due to is vectorial coupling to quarks.
neutrino into an electron-positron pair and a light neu-
trino. We include both coherent scattering off of Car-
bon and incoherent scattering off the constituent pro-
tons of the detector medium. The coherent cross sec-
tion is computed using an analytical approximation of
a Woods-Saxon form factor [27, 28] based on the sym-
metrized Fermi function [29, 30]. The hadronic current
in the neutrino-proton cross section is parameterized by
the electromagnetic form factors of the proton [31], as the
Z ′ only couples to SM particles via its electric charge.
THE MINIBOONE LOW ENERGY EXCESS
In the decay pipe of the Booster Neutrino beam [32], a
flux of both light neutrinos and heavy neutrinos are inco-
herently produced in meson decays, due to the large dif-
ference in mass. The heavy neutrinos decay before reach-
ing the detector and MiniBooNE sees a beam constituted
by a coherent superposition of light neutrinos νj . Heavy
neutrinos are then re-produced inside the detector by the
novel Z ′-mediated production process νµ +N → ν4 +N
for a target hadronN . For this to give a number of events
comparable to few % of the NC ones due to νµ interac-
tions, we require that |Uµ4|2χ2 (mZ/mZ′)4 ∼ 0.01, which
suggests a scale for the new Z ′ of below 10 GeV. ν4 are
also produced by SM Z-mediated processes, but these are
subdominant as they are suppressed by both the sterile
mixing angle and the heavy Z mass. In our model, the
subsequent decay of these heavy neutrinos produces the
MiniBooNE excess events. The dominant visible decay
rate is to e+e− pairs mediated by the new boson
ν4 → να e+ e−.
The e+e− pair mis-identification as a single Cˇerenkov
shower can be achieved in one of two ways: i) events
with sufficiently overlapping e+e− Cˇerenkov rings such
that the final state is indistinguishable from a single e-
like event, and ii) highly energy-asymmetric e+e− pairs,
in which one lepton is of sufficiently low energy as not to
be resolved consistently. The true percentage of “over-
lapping” and “asymmetric” events is hard to compute
without a dedicated experimental analysis through the
reconstruction techniques of the collaboration. In par-
ticular, MiniBooNE’s detailed optical model [19] and the
use of electron and pi0 likelihood functions in the final
selection are difficult to reproduce externally and in this
analysis we simply estimate the thresholds at which we
expect these distinctions to be possible. The MiniBooNE
analysis employed significant efforts to remove NC pi0
events in which there were two distinct Cˇerenkov rings.
To this end, every potential event was fitted both with
the single-shower (e) and two-shower (γγ) hypothesis,
and the log-likelihood ratio of these fits being used in the
final selection. To help prevent cases in which the algo-
rithm finds a better two shower fit even in the case of
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FIG. 1: Results of parameter scan in m4 and mZ′ fitting the shape of our model signal to reconstructed visible
energy spectrum (left) and the reconstructed shower angle (right). The energy spectra is sensitivity only to m4,
requiring 100 . m4 . 200 MeV to produce an excess with low enough energy, where as the angular spectrum puts a
lower bound on the Z ′ mass below which the signal events are too forward going. The black star shows a
representative point, detailed in Figure (2).
true electron events, an additional energy-dependent re-
quirement that the invariant mass of the two shower can-
didates was much less than the pion mass was included,
mγγ < 0.3203 + 0.7417Ee + 0.2738E
2
e , where Ee is the
energy assuming single electron hypothesis in GeV [33].
In this way even events in which one of the daughter pi0
photons was low energy could be rejected without suffer-
ing too large a reduction in signal efficiency. In the case
of our e+e− signal from a 3-body sterile neutrino decay,
even if the fit slightly favored a two shower hypothesis
it could still be accepted as signal if the event invariant
mass does not violate this bound.
In order to give a quantitative estimate for the “over-
lapping” and “asymmetric” fractions, we refer to Mini-
BooNE’s own analysis. Although the CCQE selection in-
cludes a cut of > 200 hits in the main detector tank (180
hits approximately corresponding to the upper bound of
a Michel electron, 52.8 MeV), this applies to the event
as a whole, and provided that the most energetic shower
is greater than this then it would be possible to find a
significantly lower energy shower alongside it. In the fi-
nal pi0 selection the lowest events which MiniBooNE suc-
cessfully detected had a second shower with ≈ 30 MeV
reconstructed energy [34], although at a low efficiency.
In parallel with this, the most recent MiniBooNE data
shows that the observed excess is solely contained in a
bin of angular separation between electrons θsep < 16
◦
[35]. As such we take a conservative definition of an e+e−
pair to be overlapping when the true angular separation
between the fermions is very small, θsep < 5
◦, and asym-
metric events being those for which the softest particle of
the e−e+ pair carries less than 30 MeV true total energy.
In both cases we also demand the e+e− pair invariant
mass to be less than the threshold utilized by the Mini-
BooNE CCQE selection analysis, defined above, which
helps to ensure these events would not be reconstructed
as a two-showered pi0 event.
The degree at which a given e+e− pair coming from
a three-body decay (with an associated light active neu-
trino) meets our mis-reconstruction criteria depends pre-
dominantly on the boost factor of the parent heavy neu-
trino. We have studied this via a dedicated Monte Carlo
simulation of decay events, confirming that the percent-
age of e+e− decays in our model which are classified as
asymmetric or overlapping events is mostly insensitive to
the Z ′ mass, with typical values ranging from 40% (for
m4 of 50 MeV) to below 10% (for m4 ≥ 200 MeV). The
decays which do not satisfy our conditions would appear
as a diffuse background to two shower events, such as the
abundant NC-induced pi0 → γγ events. We have checked
that most events outside our selection region have a dilep-
ton invariant mass above 80 MeV, a threshold used to de-
fine the MiniBooNE pi0 data sample [36]. We note that
MiniBooNE did observe a slight excess in NC pi0 events
relative to their Monte Carlo predictions [37], although
this was corrected for in the CCQE νe analysis.
5In order to identify the parameter space favoured by
our explanation of the LEE, we have performed a Monte
Carlo simulation of the both the scattering and subse-
quent decay process, obtaining the visible energy and
angular distribution of e-like events which meet our mis-
reconstruction criteria. We fully incorporate the Mini-
BooNE detector and selection efficiencies for the CCQE
νe analysis, as published in the data release for [38]. We
show the allowed regions of parameter space that can ex-
plain the MiniBooNE LEE in Fig. 1. The left (right)
panel shows the result of a shape only ∆χ2 fit to the en-
ergy (angular) distributions of the LEE [2]. The angular
and visible energy spectra have been fit separately, as we
do not have access to the fully correlated distributions,
although their strong agreement in the preferred region
leads us to expect such correlations will not significantly
alter our result. The goodness of our fit can be seen in
Fig. 2 where the predictions of a representative model is
shown for both reconstructed visible energy and shower
angle. This figure assumes a sterile neutrino of mass 0.14
GeV and a Z ′ of mass 1.25 GeV. Excellent agreement is
seen in both, with the Z ′ being heavy enough to pro-
duce a sufficiently isotropic signal, and the sterile neu-
trino mass allowing for the correct, steeply rising, visible
energy spectra that was observed.
These figures report a shape-only analysis which
mainly depends on the masses of the new particles. The
total event rate is instead controlled by the specifics of
the decay and by the allowed values of χ and |Uα4|, fac-
tors which can change significantly from model to model.
Deferring a thorough exploration of these issues to future
work, we present here a concrete minimal realization of
our explanation. As a representative value, we find that
we can explain the MiniBooNE LEE with neutrino mix-
ing angles of |Uµ4|2 = 1.5×10−6 and |Uτ4|2 = 7.8×10−4,
a kinetic mixing strength of χ2 = 5 × 10−6 and a cou-
pling of g′ = 1. In this case, the hierarchy in mixing
angles leads to a dominant visible decay of ντe
+e− with
a total decay length of O(1) m. We find an expected
event rate of 430 LEE events produced from scattering
inside the detector.
Finally, we note that our estimates are based only on
production from scattering inside the detector. As the
MiniBooNE analysis does not rely on the reconstruction
of the scattering vertex, the potential exists for addi-
tional dirt events to contribute to our signal. These are
expected to have the same kinematic properties as those
simulated above, and will generally increase our event
rates, moving our estimated values of χ2 and |Uα4|2 to
lower values.
Constraints on a minimal realization
In this section we will show that our minimal realiza-
tion based on a hierarchical mixing pattern can produce
a sufficient rate of signal events whilst satisfying all cur-
rent bounds. We stress that this is just one concrete
way to achieve the necessarily small decay lengths that
are required. For instance, if there are additional hidden
sector particles charged under U(1)′ with which the ster-
ile neutrino and Z ′ can interact with, these could lead to
rapid ν4 decays. A dedicated study is required to under-
stand the bounds on such models or other variants and
is beyond the scope of the current work.
Both the kinetic mixing, χ2, and active-sterile mixing
elements, |Uα4|4, have been bounded by many experi-
ments in the past. However, the assumptions used to con-
vert the non-observation of a signature into constraints
on the fundamental parameters are not universally ap-
plicable in non-minimal models. By having at the same
time heavy neutrinos and a Z ′, the separate bounds on
these particles need to be revised and in some instances
they become significantly weaker than in the standard
case, so that values required by our minimal realization
to explain the MiniBooNE excess are allowed.
Specifically, in our model, there are two subtleties in
the interpretation of published bounds: we have i) large
invisible and nearly-invisible branching ratios for the Z ′
and ii) an unstable heavy neutrino which decays within
distances of the order 1–10 m. Any experiment which
looked for the visible decays of on-shell Z ′ particles must
be reconsidered taking into account the invisible decays
of the new boson which dominate and lead to a visi-
ble branching fraction which is suppressed by a factor of
χ2. Published bounds subject to this weakening include
BABAR [39], KLOE [40] and A1/MAMI [41], which
searched for final state electrons, by approximately a fac-
tor of a χ. For a Z ′ of mass 1.25 GeV the most stringent
bound, BABAR, becomes χ2 ≤ 7×10−4 at the 90% C.L,
allowing for kinetic mixings sufficiently large to produce
enough events as required in Fig. 2.
The semi-invisible decays of the Z ′ might be observable
in some cases, and offer a novel means to test this model.
Any sterile neutrino in the final state will decay over
distances of the order of few meters. The 3-body heavy
neutrino decay will produce multi-lepton final states with
a broad invariant mass spectrum due to final state neu-
trinos, and would not pass the peak-hunting cuts of e.g.
4-lepton searches at BABAR. A promising route to test
these events would be a search for the displaced vertices
of these secondary decays. A Z ′ → ν4ν4 decay could be
observed as two dilepton pairs from displaced vertices,
neither pointing to a common origin (as each is associ-
ated with a three-body decay with missing neutrinos).
To the best of our knowledge, this would not have been
picked up in existing analyses but suggests an interesting
means of testing models of this kind.
Experimental bounds on possible active-heavy neu-
trino mixing will also be affected by the new interac-
tions. Enhanced decay rates of the sterile neutrino would
naively increase the sensitivity of beam dump experi-
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FIG. 2: Our model predictions in relation to the MiniBooNE excess, after subtracting predicted backgrounds, in
both reconstructed visible energy (left) and reconstructed shower angle relative to the beam-line (right), for a 0.14
GeV sterile neutrino and 1.25 GeV Z ′. In a minimal realization, this requires neutrino mixings of
|Uµ4|2 = 1.5× 10−6, |Uτ4|2 = 7.8× 10−4 and kinetic mixing χ2 = 5× 10−6, corresponding to a total decay length of
1 m. Excellent agreement is observed in both the energy and angular spectrum. MiniBooNE’s best-fit sterile
neutrino oscillation model is shown for comparison (blue dashed line).
ments, e.g. PS191 [42] or NuTeV [43]. However, once
the rate increases sufficiently, heavy sterile neutrinos pro-
duced in the beam will decay before reaching the detec-
tor and the bounds will be removed. This greatly re-
stricts the applicability of published constraints arising
from such beam dump experiments, where the flux of
new heavy states is assumed to be suppressed by mix-
ing alone. For the parameters of our minimal realization,
the sterile neutrino has a decay length of around 1 m,
severely weakening the bounds for Uµ4 set by PS191 (at
a baseline of 128m) and also Uτ4 set by experiments such
as NOMAD[44] (835m) and CHARM [45] (487m).
Peak search experiments, which look for resonant
bumps in the associated leptons of meson decay, e.g.
K± → µ±ν4, have no dependence on the subsequent de-
cay rate and fully apply in our model [46]. The value
of |Uµ4|2 required by our benchmark point is 1.5× 10−6,
below the bounds of 2.3 × 10−6 coming from the kaon
peak search for a 140 MeV sterile neutrino.
Neutrino trident production could also place bounds
on our new mediator [47]. Although, thanks to the sig-
nificantly suppressed active-active-Z ′ vertex, these con-
tributions are negligible. Previous probes of neutrino tri-
dent production such as CHARM and CCFR would still
potentially be sensitive to new contributions if a sterile
was produced in the final state. However, depending on
the rate and daughters of any subsequent decay of the
heavy neutrino, events may not have been included in
the SM neutrino trident search. We note that a decaying
heavy sterile produced in our model would look identical
to the SM electron trident process: νµN → νµe+e−N .
This process has yet to be observed in the SM due to the
complexity of resolving the final state, but is expected
to be observable by upcoming neutrino beams such as
DUNE [48], which will further constrain our model.
Although we leave an exhaustive scan of the whole pa-
rameter space to a future study, we have shown a bench-
mark point in a minimal realization of our model, whose
angular and energy spectra are in excellent agreement
with the MiniBooNE LEE and which provides a satisfac-
tory explanation with parameters allowed by the current
experimental bounds.
SUMMARY AND PREDICTIONS FOR
MICROBOONE
We have discussed a novel explanation of the Mini-
BooNE low-energy excess based on heavy sterile neutrino
production and decay inside the detector, both of which
are mediated by a novel Z ′. The explanation hinges on
the mis-identification of the EM shower induced by a
combination of highly asymmetric and overlapping e+e−
pairs, which we argue happens for a sufficient fraction of
decays in the sterile neutrino and Z ′ mass regions of inter-
est. We have shown a specific phenomenological model
based on a sterile neutrino coupling to a hidden-sector
U(1)′, which provides a remarkable fit to both the energy
and angular spectra of the LEE. This spectral agreement
favours sterile masses of 100 . m4 . 250 MeV and Z ′
masses above 1 GeV. We have stressed that the event
rate itself is dependent on the other parameters and on
specific assumptions made on the model. We have pre-
sented a specific realization requiring no additional par-
ticles beyond the sterile and Z ′, but with a hierarchy in
the sterile-active mixing angles. This model can produce
7the correct number of events while maintaining the ex-
cellent spectral agreement with the LEE as in our more
general model. Interestingly, the interplay between U(1)′
kinetic mixing and neutrino mass mixing leads to cru-
cial model-dependent reinterpretations of the bounds on
conventional O(100) MeV heavy neutrinos so that the
values of the parameters required to explain the Mini-
BooNE LEE are allowed. We emphasize that this is only
a minimal realization, and there are many variants on
the core mechanism of this interpretation. For exam-
ple, the production and decay could proceed via differ-
ent light mediators, or the decay rate could be enhanced
in a model with two sterile neutrinos where the heavier
subsequently decays into the lighter one, as can arise in
linear/extended see-saw models.
Our explanation can be falsified at contemporary
short-baseline experiments such as MicroBooNE, whose
liquid argon technology will crucially have access to
topological and calorimetric means to distinguish electro-
magnetic showers of electrons from those of photons. We
estimate that MicroBooNE would see around 150 (75)
LEE signal-like events in the planned 6.6e20 POT expo-
sure, assuming a selection and reconstruction efficiency
of 80% (40%) [10]. These signal-like events are highly
asymmetric or overlapping and would be split between
MicroBooNE’s γ-like LEE search (overlapping) and their
e-like search (asymmetric). The model presented here
has the unique feature that accompanying the 150 LEE
events will be around 500 e+e− pairs with more easily
distinguishable showers2. Unlike at MiniBooNE, where
the two-shower events are competing against the large
sample of NC pi0 events, MicroBooNE would see a novel
signal of two e-like showers originating from a single
vertex with no other associated hadronic activity. The
only other common interactions that produces two elec-
tromagnetic showers in MicroBooNE are NC pi0 events in
which both photons convert to e+e− pairs within a cen-
timetre in conjunction with failing the electron-photon
separation dE/dx calorimetric cuts [49]. As such we
believe this is an extremely clean signal channel, allowing
for the direct test of this class of models at MicroBooNE.
Note added: During the very final stages of this
work, an explanation [50] for the MiniBooNE LEE
appeared which also invokes a light Z ′ and a sterile
neutrino. The latter is produced in Z ′-enhanced NC
interactions in the detector and subsequently decays into
a light neutrino and an on-shell Z ′ which itself decays
rapidly into an e+e− pair. The signature is two strongly-
overlapping electrons. Although such explanation can
2 Due to the higher atomic mass of Argon, this would be further en-
hanced by an proportional increase in coherent events, although
these additional events would favour forward-going and overlap-
ping electron pairs.
also be achieved in our model if mZ′ < m4, we focus here
on the alternative case of mZ′ > m4 and defer a more
in-depth analysis of other variants of the explanation to
future work.
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